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Abstract 
This study aims at evaluating the influence of fatigue strain range on hydrogen embrittlement of resulfurized high 
strength steel on low-cycle fatigue tests. Previously, samples were charged with hydrogen (H) under different 
conditions. The presence of H causes softening effects on the cyclic behavior and a reduction in fatigue life of 
samples in comparison with uncharged samples. The explanation of this behavior is based on quantitative analyses 
of fracture surfaces as well as the microstructure by optical microscopy and scanning electron microscopy (SEM). 
Moreover, enthalpy changes, associated with the main H trapping sites, were determined by differential scanning 
calorimetry (DSC).This study has enhanced the understanding of the variables that most influence the fatigue 
behavior of this type of steel charged with hydrogen. 
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1. Introduction 
The entry of hydrogen (H) in metals leads to a variety of processes that may cause its premature failure. The 
embrittling effect of H on high strength steels is a topic that has been extensively discussed in the literature (Oriani 
and Josephic (1972), Hirth (1980),Kim et al.(2009), Nagumo(2001), Novak et al.(2010)), although it is not 
completely understood. The size of a hydrogen atom, smaller than that of an iron atom, leads to its high mobility in 
ferrite and allows the atom to enter into the crystal lattice and preferably in interstitial sites. As probable sources of 
H income are working atmospheres, electroplating processes, welding, and localized corrosion. Among the most 
damaging effects caused by these atoms in low carbon steels and low alloy, are the reduction in the fatigue life and 
the Hydrogen Induced Cracking, (HIC). In general, the HIC resistance may be correlated with some microstructural 
aspects (Sojka (1997), Timmins (1997)). The microstructure of these steels consists mainly of ferrite and pearlite. 
There are two favorable sites for HIC: the first is constituted by non-metallic inclusions (especially MnS), and the 
second ones are the segregation bands associated with the pearlite microconstituent. In addition to the chemical 
composition and the degree of banding, the most important parameters to be considered are the nature and geometry 
of MnS inclusions. 
These sulfides may present three typical morphologies and were defined by Sims and Dahle (1938) as: Type I 
(randomly scattered globular sulphides), Type II (thin cylindrical sulphides) and Type III (angular sulphides). It was 
verified that, in the rolling product, type II is found, which by forming dense chains of inclusions, favors the 
initiation and propagation of cracks (between MnS particles), causing a sharp reduction of the ductility and 
toughness (Inés and Brandaleze(2008)). 
These behaviors correspond to the embrittlement mechanisms of structures mainly associated to irreversible 
hydrogen trapping at ferrite-cementite interfaces, precipitates and inclusions. However, H can also be occluded in 
vacancies and dislocations, and in this case the literature refers to reversible or diffusible hydrogen, i.e. traps where 
the hydrogen has a short residence time at the temperature of interest. The interactions of H with structural traps, 
such as crystal defects and impurities, were discussed by Vlasov and Fedik (2006). 
This paper analyzes the effects of hydrogen in high strength resulfurized steel when it is cathodically charged 
with hydrogen, with special attention to the total strain amplitude considered in the fatigue tests. 
2. Experimental procedure  
Cylindrical bars of structural and forged resulfurized high strength steel were used for this study. The chemical 
composition of steel is presented in Table 1. A metallographic study was carried out using an Olympus GX51 light 
microscope with an image analyzer system Leco IA 32. The microstructure consists of pearlite grains with ferrite at 
grain boundaries. In addition, incipient pearlite spheroidization was found in some grains. The grain size measured 
is about 30 μm. 
Table 1.Chemical composition of steel (wt.%) 
Element wt. % Element wt. % 
C 0,41 Sn 0,014 
Mn 1,82 As 0,01 
Ni 0,06 P 0,02 
Mo 0,058 S >0,088 
Nb <0,045 S 0,15 
V 0,01 Cu 0,17 
W <0,045 Cr 0,16 
Ti 0,17   
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Cylindrical fatigue samples with a gage length of 18,4 mm and a diameter of 5 mm were machined from the bars. 
The longitudinal axis of the samples was parallel to the bar rolling direction. This option minimized the effect of 
manganese sulphide stringers present in the material which could affect crack propagation. 
Before the mechanical tests, hydrogen cathodic charge was performed at room temperature. Charging procedure 
was developed employing direct current density of 36 mA/cm2during 6,5 hours in a solution of  1N H2SO4 with 
graphite electrode. In some cases, with the addition of hydrogen promoters such as NaAsO2. Once charged, the 
specimens were carefully cleaned, dried and put into sealed recipients till the mechanical tests were carried out. 
Taking into account that this paper analyses the strain amplitude influence on trapped hydrogen during fatigue, the 
time elapsed between charging and testing produces minor effects.   
Cyclic deformation tests were carried out in air at 20ºC in an INSTRON 1362 testing machine under total strain 
control with total strain ranges of 0.85% and 1.5%. A fully reversed triangular form signal of 10 s period was 
selected.  
A special metallographic technique, named microprint, and developed by Schober and Dieker (1983), was 
employed to reveal the hydrogen presence and distribution in the structure, applying an Ag solution salt. Because of 
hydrogen interaction with the salt, metallic Ag particles are reduced. When metallographic samples were observed 
with scanning electronic microscopy (SEM), those bright irregular particles of Ag reveal the place where hydrogen 
was occluded. 
After fatigue tests, the fracture surfaces were analyzed by optical and scanning electron microscopy (SEM) while 
dislocations structures were observed in a transmission electron microscopy (TEM). 
Subsequently, H desorption behavior was analyzed by performing thermal transfer tests with a Shimadzu 
differential scanning calorimeter DSC-60, from ambient temperature to 500°C. For each sample two different 
heating rates, 3° C / min and 5° C / min were employed. 
3. Results and discussion  
Cyclic stability characterizes the mechanical response of uncharged samples, independently of strain imposed. 
However the addition of hydrogen causes initial hardening both, with the addition of poisons and without them, as 
presented previously by Mansilla et al. (2013) for the same fatigued steel. This paper also states that hydrogen 
causes an increase in the speed of cyclic softening; although poison addition does not affect its behavior. Moreover, 
there is a reduction in fatigue life in charged samples. A detailed study of the fracture surfaces determines the 
change of mechanical behavior described above. Regardless of the total strain amplitude imposed, fractures have 
ductile characteristics for the uncharged material. This feature changes towards a quasi-cleavage fracture with a 
small number of dimples for the sample that was charged with poison, Fig. 1(a)-1(b). This result is consistent with 
that shown by Sozanska et al. (2001). 
In a previous work, Inés and Mansilla (2012) calculated brittle and ductile zones in fatigued samples for 1.5% 
total strain amplitude. Following this idea, quantification of samples with 0.85% total strain amplitude was 
performed in this paper. It was observed that, regardless of deformation degree, there is an increase of brittle zones 
under more severe conditions of hydrogen income (when promoting agent was employed), as shown in Fig. 1(c). It 
was found that, the samples tested at the highest strain amplitude showed more fragility trends. 
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(c) 
Fig. 1. SEM images of the evolution of brittleness degree of 1.5% total strain deformed samples: (a) ductile fracture for uncharged samples; (b) 
quasi-brittle fracture for samples charged with H together with promoter addition; (c) fragility comparison between samples tested for varying 
degrees of total amplitudes of deformation and loading conditions. 
The roughness of the fracture surface was quantified through a fractographic analysis. The parameters, proposed 
initially in ASM Handbook (1987) in conjunction with fracture profiles are: The surface roughness coefficients, RS, 
defined by Eq. (1), which represent the ratio of the true fracture surface (Si) and its projected area (A'); and the linear 
roughness coefficient, RL in Eq. (2), assumed as the ratio between the true length of the fracture profile (Li) and that 
corresponding to its projected length (L'). 
In order to calculate RL, photos at 500X of the complete fracture profiles were taken with an Olympus GX51 
microscope with an image analyzer in samples with and without H charge. 
 
  ´ASR iS   
  ´LLR iL   
 
However, due to the quite irregular fracture surfaces that were obtained, RS calculation becomes complicated. In 
these cases, it is better to employ an alternative method of calculation based on the relationship between RL and RS 
by means of the following parametric Eq. (3). This equation provides the best fit to all known experimental data as 
  
(a) (b) 
(1) 
(2) 
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proposed in Underwood (1986). 
    114 3 LS RR  
   
It is based on a realistic model, since a fracture surface may have any configuration within the confines of RS= 1, 
i.e., a fully oriented surface (flat and smooth), and the extremely complex with RS Æ ∞, associated with a rougher 
surface. 
Nomenclature adopted for both total strain amplitude tests considered (0.85% and 1.5%) was: "NH" for the 
uncharged samples and "HH" for those that were hydrogen charged. Moreover, the following number refers to the 
total strain amplitude during the fatigue tests, namely "85" (0.85%) and "15" (1.5%) respectively. Thus, the values 
of RL and RS obtained by Eq. (1) and (3) are shown in Fig. 2. 
  
 
 
Fig. 2. Values of the coefficients RL and RS 
When analyzing Fig. 2, it can be said that for hydrogen charged samples, smaller RL values were calculated, thus 
the fracture surface showed much more fragile features. This fact is in accordance with the lower values of RS 
coefficient obtained and would explain the quasi cleavage fracture surface in samples charged with poison addition. 
As already mentioned fracture profile showed brittle features and evidenced small cracks at the surface in 
situations where poison was employed. Inés and Mansilla (2013) showed that fragility can also be connected to 
cracks morphologies. In the present case, one can recognize a mixture of typical zig-zag crack geometry in H 
charged samples, linear, and curved, and even ramified ones as shown in Fig. 3(a)-3(b). Cracks generated in samples 
with H charge are well developed and have ramifications. The propagation way preferred is through the more ductile 
ferrite phase, bordering the lamellar eutectoid constituent (pearlite). Nevertheless, some cracks penetrate into 
pearlite but do not grow a lot, due to the higher hardness of pearlite that somehow “slows down” the crack growth. 
 
 
 
 
 
(3) 
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(a) (b) 
Fig. 3. Cracks of great development in samples: a) charged with H, and b) charged with H + POISON 
Another parameter widely used in the literature, Sozanska et al. (2001), is the Crack Length Ratio (CLR), a 
measure of susceptibility of the steel to HIC, calculated from cracks measurement (individual crack length-a and 
sample width-w) and employing expression (4), the results of which are given in Table 2: 
  100(%) ¦ waCLR  
Table 2. CLR values 
Muestra CLR(%) 
NH15 22 
HH15 11 
NH85 18 
HH85 12 
 
According to International Standard ISO 15156-2 (2003), CLR values that are lower than 15% represent an 
acceptable criterion to infer hydrogen induced cracking. After analyzing the values in Table 2, it could be sumarized 
that both poison addition and total strain amplitude during fatigue tests promote HIC. In other words, hydrogen 
embrittlement showed strain amplitude independence, in accordance with Mansilla et al. (2013). Besides they stated 
that the dislocation structures developed during fatigue test are not related to strain amplitude. Therefore, other 
mechanisms must be taken into account, such as hydrogen interactions with inclusions and segregation bands 
associated with the pearlitic constituent in the steels. 
From a structural perspective, the steel studied is ferritic- pearlitic (78%-22%) with no visible segregation bands. 
However, considering the nature of the steel, there are numerous Type II MnS inclusions, i.e. deformed and 
elongated cylindrical sulfides, grouped mainly in dense colonies and sometimes isolated ones. In both cases, the 
location of the inclusions is given preferably on the ferritic phase. Also, based on SEM, Inés and Mansilla (2013) 
shown that in some cases the MnS inclusions are fractured and present decohesion from the structure. They 
attributed the embrittlement of the material to sulfides, due to its affinity to H. 
From evidences presented up to now, involving fracture surface analysis such as roughness and CRL coefficients 
values added to SEM observations, there is no doubt that H embrittlement is independent of total strain amplitude in 
fatigue tests. Nevertheless, more information concerning other H - traps interactions is needed. 
Another strategy that allows the study of those processes in which there is a change in enthalpy versus 
temperature or time, is through Differential Scanning Calorimetry tests (DSC). Asmus et al. (2013) present a quasi-
analytical method for the calculation of the binding energies of the "hydrogen traps" for fatigued high strength 
steels. They asserted that MnS inclusions are the main traps (greater activation energy) that dominate the H capture, 
50Pm 
Origin of the crack 
50Pm Propagation in zig-zag 
(4) 
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while the second site of preferred H entrapment was microvoids. 
Moreover, the possible dependence of all activation energies with the total strain amplitude is analyzed too. The 
results show that the dislocations are not involved in hydrogen trapping mechanisms according to the procedure 
described by Inés and Mansilla (2012). For this reason only the calculations for microvoids and inclusions, whose 
values are in line with those expressed by Kim et al.(2009), are shown in Table 3. 
Table 3. Hydrogen binding energies as a function of total strain amplitude. 
Trapping site Sample _'E_ (KJ/mol) – 0.85% _'E_ (KJ/mol) – 1.5% 
Microvoids Hydrogen charged sample 35 23 Hydrogen charged sample H + POISON 31 26 
Inclusions (MnS) Hydrogen charged sample 99 158 Hydrogen charged sample H + POISON 108 184 
 
The main feature to remark is the independence of the activation energies of the traps on the total strain 
amplitude during fatigue tests, in accordance with TEM evidence presented by Mansilla et al. (2013). They 
expressed that no dislocation structure differences were observed in connection with total strain amplitude during 
fatigue tests of high strength steel. In this sense, the study of the role of other lattice defects on fatigue response was 
needed. 
Indeed, from Table 3, one can infer that the trapping site that strongly holds hydrogen atoms on the steel lattice 
was MnS inclusions, independently of the charging procedure employed. Besides for all charged samples weather 
the addition of the poison or not, microvoids were determined to act as secondary H trapping sites. Those results 
extend the evidence that the interaction of the hydrogen atoms occurs mainly in the manganese sulfide inclusions, 
without intervention of the amount of dislocations generated during the fatigue test. But if such hydrogen-
dislocation interactions somehow exist, it must be only with diffusible hydrogen; i.e. where H has a short residence.  
4. Conclusions  
The following conclusions are drawn: 
 
x Hydrogen embrittlement effect was independent of the total strain amplitude. 
x Trapping energies of hydrogen with MnS inclusions show that they are potentially active sites for trapping 
atomic hydrogen. 
x Interaction between hydrogen - MnS surely determines the formation of microcracks and the consequent 
embrittlement of the material. 
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